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Abstract Effects of subjects’ taste sensitivity (expressed as
taste detection threshold), tastant quality and taste transduc-
tion mechanism on pulsation-induced taste enhancement
were tested. Taste intensities of pulsatile MSG and NaCl
stimuli at pulsation periods below, at and above individual
taste fusion periods (TFP in seconds) were compared to taste
intensities of a continuous reference of the same net tastant
concentration and quality. In line with results previously
reported for sucrose, pulsation-induced taste enhancement
peaked around TFP for both MSG and NaCl and did not
require perception of tastant pulsation. TFP and pulsation
effects were independent of the taste transduction mecha-
nism (G-protein-coupled receptor for MSG versus ion-
channel for NaCl). The absence of a relation between TFP
and taste sensitivity suggests that temporal gustatory reso-
lution and taste sensitivity are not necessarily influenced by
the same factors. The results support earlier findings that
early stages of taste transduction are involved in pulsation-
induced taste enhancement. Pulsation-induced taste enhance-
ment is determined by the pulsation rate (i.e. TFP) which is
longerforMSGthanNaCl.Thisisprobablyduetothetastant-
specific interaction with the receptor rather than the taste
transduction mechanism (G-protein-coupled receptor versus
ion-channel) involved.
Keywords Pulsatilestimulation .Tasteenhancement .Taste
fusionperiod .Tastereceptor .Gustometer
Introduction
The successive alternation of high and low tastant concen-
trations (pulsatile tastant stimulation) results in higher taste
intensity ratings than stimulation with the same net but non-
alternating tastant concentration (Burseg et al. 2010a; Busch
et al. 2009; Meiselman and Halpern 1973). This was dem-
onstrated for pulsatile stimulation with sucrose (Burseg et al.
2010a, 2011a) and sodium chloride (Busch et al. 2009;
Meiselman and Halpern 1973). As shown for pulsatile su-
crose stimulation, the magnitude of pulsation-induced taste
enhancement depends on the duration of the pulsation peri-
od, i.e. the summed durations of the high concentration
tastant pulse and the low concentration interval (Burseg et
al. 2010a). At sufficiently long pulsation periods, subjects
perceive the fluctuation of taste intensities caused by the
pulsation of tastant concentrations.
When pulsation rates increase (and the pulsation period
decreases), taste fluctuation will become more difficult to
distinguish, and consequently the probability that subjects
detect taste fluctuations will decrease. At sufficiently high
pulsation rates, subjects will no longer be able to distinguish
between pulsatile and continuous taste stimuli on the basis
of perceived taste intensity fluctuations alone. The pulsation
period length at which there is a 50 % probability that a
subject correctly discriminates between pulsatile and con-
tinuous taste stimulation (after correcting for the chance
level of correct detections due to the used discrimination
task) is the pulsation threshold. We refer to this pulsation
threshold as the ‘taste fusion period’ (TFP) (Burseg et al.
2010a). We previously observed that sweet taste enhance-
ment was highest at sucrose pulsation periods in the range of
two times TFPsuc (subjects mostly detect tastant pulsation)
to 0.5 times TFPsuc (subjects mostly fail to detect tastant
pulsation) (Burseg et al. 2010a). We concluded that
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satile stimulation is no requirement for pulsation-induced
sweet taste enhancement. The absence of a relation between
the ability to perceive pulsation and the magnitude of
pulsation-induced taste enhancement suggests that the en-
hancement stems from early stages of gustatory processing
(Burseg et al. 2010a).
In humans, the temporal dynamics of neural gustatory
responses depend on the taste-transduction mechanism in-
volved (e.g. ion-channel activation for sodium- and proton-
based stimulation, G-protein-coupled receptor activation for
bitter and sweet taste stimulation (Breslin and Huang
2006)).This is, for instance, reflected in the observed varia-
tion in latencies between the onset of a taste stimulus and the
onset of the corresponding primary cortical taste response
(Kobayakawa et al. 2005; Saito et al. 1998). In line with
this, gustatory reaction times (the minimum time required
for a subject to report any taste change after onset of taste
stimulation) in human adults also differ between taste qual-
ities (Yamamoto and Kawamura 1981). We hypothesize that
the ability of receptor cells to encode the changing tastant
concentration of pulsatile stimuli at a given pulsation rate
and as a function of time also depends on the taste trans-
duction mechanism involved (e.g. G-protein-coupled recep-
tor versus ion-channel). If so, both TFP as well as the size of
pulsation-induced taste enhancement would then depend on
the transduction mechanism involved. This was tested in the
present study by comparing pulsation-induced taste en-
hancement for MSG and NaCl.
MSG receptors are members of class C G-protein-
coupled receptors (GPCR) (Breslin and Huang 2006;L ie t
al. 2002; Lopez Cascales et al. 2010). Salt perception is
mediated by a different mechanism involving epithelial
sodium channels (e.g. ENaCs) (Stahler et al. 2008). Per
subject, TFPs for MSG (TFPMSG) and NaCl (TFPNaCl) were
determined at stimulus concentrations that produce equal
perceived intensities. Taste intensities of pulsatile stimuli
at individualized pulsation periods below, at and above
TFP were then compared to a continuous reference of the
same net tastant concentration and quality. This procedure
allowed us to compare the effects of transduction mecha-
nism (G-protein-coupled receptor versus ion-channel) on
both TFP and the relative magnitude of pulsation-induced
taste enhancement.
Apart from the reported taste pulsation period dependen-
cy of the invoked taste enhancement (Burseg et al. 2010a),
there is further evidence that temporal aspects in stimulus
presentation are linked with perceived taste intensity: (1)
human gustatory reaction times decrease as the stimulus
concentration increases (Yamamoto and Kawamura 1981;
Yamamoto et al. 1985) and (2) human taste stimulus inten-
sity increases with stimulus duration for stimuli that are
sufficiently short to not cause adaptation of the gustatory
system to presentations of that specific stimulus (Kelling
and Halpern 1988).
The enhancement of taste intensities by temporal fluctua-
tion of stimulus concentrations illustrates how temporal stim-
ulus dynamics can alter the magnitude of the percept. The
opposite, i.e. the magnitude of the stimulus concentration
alteringthetemporaldynamicsofthepercept,isalsoobserved
as increasing the stimulus concentration lowers the gustatory
reaction time in humans (Yamamoto and Kawamura 1981).
This suggests that the stimulus concentration may also affect
the TFP, with lower TFPs expected for higher stimulus con-
centrations. Given the fact that the perceived intensity of a
taste solution depends on an individual’s sensitivity for that
taste, TFP may vary between subjects as a function of their
individual taste sensitivity. Therefore, we also tested the hy-
pothesis that tastant-TFPs of individual subjects are related to
their respective taste thresholds.
Materials and methods
Gustometer
An eight-channel computer controlled array of fluid
pumps, which we will refer to as a gustometer (Bult
et al. 2007), was operated as described earlier (Burseg
et al. 2010a) to produce and deliver stimuli intra-orally with
well-defined tastant concentrations that are varied over time
and at a total flow rate of 15 mL/min. Subjects held a mouth-
piece between the incisors that protruded approximately
10 mm into the mouth and that presented stimuli directly on
the distal portion of the dorsal anterior tongue. Subjects swal-
lowed at will.
Subjects
Sixteen paid subjects (age 30–58 years, three male) were
recruited. All had participated earlier in gustometer studies.
As reports indicate that a part of the population is unable to
distinguish MSG from NaCl, e.g. are unable to detect the
umami taste component in addition to the salty component
of MSG (Lugaz et al. 2002), subjects were pre-screened for
their ability to distinguish between MSG and NaCl stimuli
(20 mM each). Subjects participated if they correctly iden-
tified the odd stimulus in at least seven out of ten triangles of
MSG and NaCl combinations. This selection criterion cor-
responds to a 2.0 % chance probability of identifying MSG-
non-tasters as tasters according to the binomial distribution
for p01/3 (triangle method). Subjects were experienced
users of the labeled magnitude scales (Green et al. 1996)
and received a 1-h training session where they were
instructed to link verbal references with MSG and NaCl
reference solutions at varying concentrations. Subjects were
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Materials and methods used did not require medical ethical
approval under Dutch regulations (food grade ingredients,
oral delivery). Moreover, the study was performed accord-
ing to an internal standard procedure that was designed for
studies involving human volunteers. Subjects gave written
informed consent.
Determination of iso-intense MSG and NaCl concentrations
Stimuli
Aqueous (Evian, Danone, France; conductivity 560 mS/cm)
solutions of food grade MSG (Ajinomoto Foods Europe
SAS, Germany; purity>99.0 %) or food grade NaCl (‘supra-
sel extra fine’, CA FNZ industrial B.V., The Netherlands;
purity>99.9 %) were presented at predefined ratios by a
gustometer. Concentration series for MSG and NaCl ranged
from 2.0 to 89 mM (MSG; 12 steps) and 6.0–253 mM (NaCl;
12 steps). Starting from 2.0 mM (MSG) and 6.0 mM (NaCl),
concentrations were systematically increased by a multiplica-
tion factor of 1.412 to obtain approximately equal perceptual
distances in taste intensities between stimuli of successive
tastant concentrations.
Method
Stimuli were delivered intra-orally over 20 s. Taste intensity
ratings for MSG and NaCl were rated on labeled magnitude
scales (Green et al. 1996) that were displayed on paper.
Determination of iso-intense MSG and NaCl concentrations
was repeated over two independent sessions.
Data analysis
Individual psychophysical taste curves were obtained for
NaCl and MSG by plotting the logarithms of average taste
intensity ratings over stimulus repetitions as a function of
log-concentrations (in millimolar). Linear functions were fit
to the psychophysical taste curves and used to estimate
individual intensity ratings for the 20-mM MSG stimulus.
These intensities were used to estimate individual NaCl
concentrations, equi-intense to the 20-mM MSG stimulus.
This NaCl concentration was then used for determination of
the individual TFP NaCl (see the next section).
Determination of TFP
Stimuli
Taste solutions pulsed at variable pulsation periods (MSG:
20 mM; NaCl: individually defined concentrations iso-
intense to 20 mM MSG) and interleaved with water intervals
(Evian, Danone, France; conductivity 560 mS/cm) were
delivered by the gustometer as described previously in the
article. Subjects swallowed stimuli at will. After every 10th
sample, a break of 5 min was given. Between samples,
subjects rinsed their mouth with water.
Method
The TFP is defined as ‘the threshold of pulsation perception’.
By definition, this is the pulsation period duration at which
subjects correctly identify pulsed stimuli in 50 % of the cases
(corrected for chance), in comparison to continuous stimuli.
When using a binary identification method (‘2-AFC’ or ‘A–
not A’, this would correspond to 75 % correct identifications
of a pulsed stimulus at a given pulsation period duration and
after a fair amount of comparisons (as would be the case if the
method of constant stimuli were used to assess the threshold).
In the present study, individual TFPs were assessed using the
less time-consuming method of limits, also referred to as the
staircase method.Inparticular,weusedanA–notAprocedure
presenting pulsed taste stimuli at variable pulsation rates.
Subjects started with a stimulus pulsed with an 8-s pulsation
period. Up-down rules were defined as follows: after two
consecutive correct pulsation identifications, the pulsation
period was lowered with 0.25 s. After one failed pulsation
identification, the pulsation period was raised with 0.25 s.
Pulse and interval durations were always the same (e.g. an
8-s pulsationperiodconsisted ofa 4-s pulse and a 4-s interval)
to obtain a pulse–interval duration ratio of 1.
The threshold estimate obtained with a staircase method
depends on the up-down rule that is applied (see for instance
Brown 1996). If the number of staircase reversals approaches
infinity, the observed threshold for a given pulsation period
duration will converge to the period duration for which the
probability of an upward reversal equals the probability of a
downward reversal. Given a true detection probability p of a
pulsed stimulus, and given the generic rule that n consecutive
correct identifications provoke a downward step in period
duration and any missed pulsed stimulus in a sequence of n
stimuli to provoke an upward step, the staircase converges to
the period duration for which the probability of producing n
correct identifications (p
n) equals the probability of not pro-
ducingnconsecutive correct identifications(1−p
n),orp
n01−
p
n. Resolving for n02, this predicts that the used two-down
one-up rule converges at a pulsation frequency for which p0
(0.5)
1/200.71. Hence, the two-down one-up rule produces a
slightly underestimated TFP.
Data analysis
Individual TFPs were calculated as geometric mean of
the last four staircase reversal points of a total of seven
reversals.
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Stimuli
The MSG or NaCl stimuli were delivered by running two
pumps in parallel, mixing MSG or NaCl solutions with
water (Evian, Danone, France; conductivity 560 mS/cm) at
predefined ratios. The MSG concentration series was de-
fined as successive increments or decrements of concentra-
tions from 5.9 mM/L by a factor of 1.412. The concentration
series of NaCl was defined as increments or decrements of
concentrations from 18.4 mM/L with the same multiplica-
tion factor of 1.412.
Method
Subjects were presented with two stimuli, one of them being
water only while the other stimulus containing water with
the tastant. The MSG starting concentration was 5.9 mM/L.
The NaCl starting concentration was 18.4 mM/L. Stimuli
were presented at a flow rate of 15 mL/min during 20 s each
with a 3-s break between stimuli. Following a staircase
procedure, subjects were instructed to indicate the solution
containing the tastant according to the 2-AFC method
(Burseg et al. 2010a). Concentrations were lowered by one
step if two consecutive tastant solutions were identified
correctly. If water was identified as the tastant solution in
the first or second comparison, the tastant concentration was
raised by one step (one-up, two-down rule). Detection
thresholds for MSG and NaCl were determined over two
separate sessions. The order of sessions was balanced over
subjects. Between stimuli,atleast1 min wasgiven torinse the
mouth with water. After every 5th comparison, subjects were
given a 5-min break. At the beginning of each session, sub-
jects received two warm-up stimuli.
Data analysis
Stimulus thresholds concentrations (in millimolar per liter)
were calculated as the geometric means of the last four
concentration reversals.
Pulsation-induced enhancement for MSG and NaCl
Stimuli
High intensity pulses (MSG: 20 mM; NaCl at the individu-
al’s iso-intense NaCl concentration) and water intervals
were delivered by the gustometer as described previously
in the article. Subjects were presented with stimuli of indi-
vidualized pulsation periods depending on their TFPs, de-
fined as of 2, 1 and 0.5×TFP for MSG stimuli and 4, 2, 1,
0.5 and 0.25×TFP for NaCl stimuli. Stimulus pulsation was
continued (4×TFP: one time; 2×TFP: two times; 1×TFP:
four times; 0.5×TFP: eight times; 0.25×TFP: 16 times) to
yield stimuli of equal duration. The pulse/interval ratio was
kept at 1 to yield an average MSG concentration of 10 mM.
The average NaCl concentration depended on the individu-
al’s pulse concentration that was iso-intense with 20 mM
MSG. For example, if a subject rated 20 mM MSG and
25 mM NaCl as iso-intense, the NaCl pulse concentration
was 25 mM and the average period concentration was
12.5 mM. In addition, a continuous reference of the same
duration and same net concentration (MSG: 10 mM; NaCl:
average NaCl concentration depended on the individual’s
pulse concentration that was iso-intense with 20 mM MSG;
see above) was given. This yielded a total of four different
MSG stimuli and six different NaCl stimuli.
Stimulus concentrations were verified by potentiometric
determination of MSG or NaCl concentrations collected
over 1 min (Conductivity Meter Radiometer, CDM 92,
Electrode CDC 64 IT, Radiometer, Copenhagen). The elec-
trode was calibrated with MSG or NaCl solutions of known
concentrations.
Method
During sample presentation, subjects rated taste intensity over
time (time–intensity; scale 0–100; anchored ‘not intense’–
‘very intense’) by moving the control of a vertical rating-
bar (100 mm) on the computer screen by manipulating a
computermouse.The evaluation included intensity ratings
upon stimulation and continued after stimulus termina-
tion to allow subjects to report after-taste intensities.
Subjects evaluated each MSG stimulus six times (n0
24) and each NaCl stimulus four times (n024) in four
separate sessions. In each session, only one taste quality
was evaluated (MSG or NaCl). The order of tastants
presented per session was randomized over the sessions. In
one session, 12 stimuli were presented in three groups of four
stimuli each, separated by 5-min breaks. Each group was
preceded by a continuous reference (MSG or NaCl respec-
tively) for self-calibration. The continuous references were
also included as blind sample. Subjects paused at least 1 min
between stimuli to rinse the mouth with water. At the begin-
ning of each session, subjects received two additional warm-
up stimuli.
Data analysis
The area under the curve (AUC) of taste intensity over time
(e.g. Burseg et al. 2010b, 2011b) served as a measure for
MSG and NaCl taste intensity. After-taste intensity record-
ings were excluded from AUC calculation. Main effects of
pulsation period (fixed factor; MSG: four categories [2, 1
and 0.5×TFP, continuous reference]; NaCl: six categories
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were calculated by one-way ANOVA. Post-hoc comparisons
were made using Tukey’s HSD corrections for multiple
comparisons. All tests were at a significance level of α00.05.
In a subsequent ANOVA, effects on AUC of pulsation
period (fixed factor; MSG: four categories [2, 1 and 0.5×
TFP, continuous reference]; NaCl: six categories [4, 2, 1, 0.5
and 0.25×TFP, continuous reference]), replicate (fixed fac-
tor; MSG: six replicates; NaCl: four replicates) and subjects
(random factor) were tested by univariate ANOVA. The
tests included main effects and all two-way interactions
(SPSS, Chicago, version 17).
As a measure of lingering of after-taste, half times (t0.5)
were calculated for intensity ratings produced after the mo-
ment of stimulus termination. For this, the exponential de-
cay function y0Ae
−λt,w i t hA0the taste intensity at t00
(moment of stimulus termination) and λ0decay rate (per
second), was fitted to individual after-taste curves. Model
fits were optimized by the iterative ‘fminsearch’ algorithm
in Matlab (version 7.0.1; the Mathworks Inc, Natick, MA),
minimizing the sum of squared differences between ob-
served and modeled intensity ratings. Parametric correlation
coefficients, R, for observed intensities and their respective
modeled intensities were calculated as measures of individ-
ual function-fit qualities. Decay rates that stemmed from
curve fits with R equal to or higher than 0.8 were used to
calculate half times t0:5 ¼ ln2
l

of after-taste for single taste
intensity rating curves. To accommodate for similarity of
functions with very large positive or negative half times
(both of which produce near-to-flat decay functions), inverse
half times (t0.5))
−1 were used as dependent variable for the
statistical t-test (SPSS, Chicago, version 17) comparing the
effects of tastant (MSG versus NaCl) on half times.
Results
Determination of iso-intense MSG and NaCl concentrations
Iso-intense NaCl concentrations for 20-mM MSG reference
solution ranged from 23 to 90 mM (median 64 mM).
Determination of TFP
The median TFPMSG (10.3 s; range 3.0–14.5 s; Δ011.5 s;
Fig. 1) was more than two times larger than the median
TFPNaCl (4.4 s; range 1.5–8.7 s; Δ07.2 s; Fig. 2).
Determination of taste detection thresholds
Taste detection thresholds differed between subjects and
taste modalities. The median MSG threshold was
0.87 mM/L (0.30–1.14 mM/L), and the median NaCl
threshold was 5.29 mM/L (range 2.84–8.29 mM/L).
Pulsation-induced taste enhancement for MSG and NaCl
One-way ANOVA showed that taste intensities differed
significantly between pulsation conditions for MSG ([F
(3,8791)06.29; p<0.001]) and NaCl ([F(5,6897)010.84;
p<0.001]). Despite equal net tastant concentrations, pulsa-
tile stimuli were rated about 20 % more intense than the
continuous references for MSG (Fig. 3) and NaCl (Fig. 4).
Post-hoc analysis revealed that only pulsed NaCl stimuli at
pulsation periods 4×TFP were not rated as more intense
than the continuous reference. Instead, 4×TFP stimuli pro-
duced significantly lower intensity ratings than the other
pulsatile stimuli (Fig. 4). For both tastants, univariate
ANOVA revealed significant intensity effects by stimulus
(MSG: [F(3, 39)04.79; p<0.01]; NaCl: [F(5, 75)05.51; p<
0.001]) and subject (MSG: [F(13, 60.1)03.26; p<0.01];
NaCl: [F(15, 80.25)08.26; p<0.001]), and significant stim-
ulus by subject interactions (MSG: [F(39, 195)02.56; p<
0.001]; NaCl: [F(75, 375)06.16; p<0.001]) and replicate by
subject interactions (MSG: [F(65, 195)02.41; p<0.001];
NaCl: [F(75, 375)01.39; p<0.05]).
Inverse half times of after-taste functions differed signif-
icantly between MSG and NaCl [t(410.2)02.204, p00.028].
The corresponding panel half-life time of MSG was 5.9 s,
while the panel half-life time of NaCl was 3.5 s.
Discussion
In line with previous studies, pulsatile stimuli were rated as
more intense than a continuous reference of the same net
tastant concentration. Both MSG and NaCl stimuli were
rated 20 % more intense than the continuous reference if
presented at pulsation periods 0.5–2×TFP. As shown for
NaCl, outside this range (e.g. at 4×TFP), pulsatile stimuli
were no longer rated more intense than the continuous
reference. Moreover, taste enhancement did not depend on
the subject’s ability to perceive pulsed taste: equal taste
intensity ratings were obtained for stimuli given at pulsation
periods two times above (pulsation is perceived) and two
times below TFP (pulsation is not perceived). This is in line
with earlier observations made for sweet taste enhancement
(Burseg et al. 2010a). The repeatability of these findings, i.e.
stable enhancement around TFP and independence of ability
to perceive pulsation at a given pulsation period, over dif-
ferent taste qualities (sweet, umami and salty taste) and taste
transduction mechanisms (G-protein versus ion-channel)
suggests that pulsation-induced taste enhancement is an
inherent property of the human taste system rather than an
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transduction mechanism.
It has been suggested earlier that pulsation-induced
taste enhancement is reflected in different chorda tym-
pani response patterns for continuous and pulsatile stim-
uli (Meiselman and Halpern 1973). Upon continuous
stimulation, chorda tympani responses are characterized
by an initial high frequency (phasic response) that
decreases rapidly to a lower steady state level. Upon
intermittent taste presentation, however, the rat chorda tym-
pani shows a rhythmic, serial phasic burst pattern (Halpern
and Marowitz 1973).This entails higher total burst counts
than continuous stimuli at the same net concentrations
produce. Similarly, in humans, discontinuous, pulsatile
tastant stimulation may induce such a serial phasic re-
sponse pattern. The overall higher neural output would
then explain taste intensity enhancement for pulsatile stim-
uli (Meiselman and Halpern 1973). Such a mechanism
based on serial phasic response patterns at post-receptor
levels still accounts for the present results since it predicts
enhancement independent of the taste transduction
mechanism involved.
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pulsation-induced taste enhancement is the pulsation period.
In line with the observations made for alternating sucrose
solutions (Burseg et al. 2010a), taste intensity peaked
around TFP (0.5–2×TFP). In the present study, NaCl inten-
sity enhancement disappeared at low pulsation rates when as
pulsation was clearly perceivable (4×TFP). This may indi-
cate that at larger period durations, subjects averaged taste
intensities of perceived pulsatile stimuli over pulsation peri-
ods, as suggested by the fact that the total area under the
taste curve leveled off to the taste intensity of the continuous
reference. This seems plausible as the concentration of the
continuous reference was equal to the averaged period tast-
ant concentration. On the other hand, the apparent pulsation
period dependency suggests a strict temporal window (e.g.
close to TFP) to evoke the effect. A similar phenomenon
was described for vision (Macknick 2006; Wu et al. 1996)
by the observation that a flickering light is perceived as
brighter compared to a steady light of the same average
luminance (Brücke–Bartley effect (Wu et al. 1996)). Bright-
ness enhancement was partly related to the occurrence of
serial phasic response patterns of the optic nerve and subse-
quent larger accumulated fiber responses. These response
patterns are restricted to flicker frequencies around the so
called ‘flicker fusion point (FFP)’, where a flickering stim-
ulus fuses into a continuous percept. The similarity between
brightness enhancement at flicker fusion and taste enhance-
ment around TFP then supports the above-mentioned theory
ofthe occurrence ofserial phasic receptorresponses ofchorda
tympani upon pulsatile stimulation. This needs to be con-
firmed in electrophysiological studies.
McBurney studied taste sensitivity to stimuli that vary in
tastant concentration as a function of time (McBurney
1976). Subjects’ ability to detect tastant concentration fluc-
tuations increased with the size of concentration difference
between alternating stimuli (expressed as percent modula-
tion at threshold), and, similar to the present study, the
frequencies the taste stimuli were alternated at. Threshold–
frequency functions varied across taste qualities with great-
est sensitivity for salty and sweet stimuli. McBurney related
the order of sensitivity found to the ‘order of reaction time
and time of buildup of sensation to rectangular onset of taste
stimuli’ as described earlier (Bujas 1935). This theory may
equally account for TFP as it expresses the threshold period
duration for taste pulsation perception and, like the gustato-
ry reaction time, can be regarded as a measure for gustatory
temporal resolution.
TFPMSG (10.3 s) was approximately twice the magnitude
of TFPsuc and TFPNaCl. The difference between TFPsuc and
TFPMSG cannot be attributed to the underlying taste trans-
duction mechanism. The difference between TFPMSG and
TFPNaCl cannot be attributed to intensity differences as
MSG and NaCl intensities were matched. One explanation
for the difference between TFPMSG and TFPNaCl is offered
by the distinct MSG taste intensity profile that is character-
ized by a persistent after-taste (Giovanni and Guinard 2001).
Sucrose (Pfeiffer et al. 2000) and NaCl (O’Mahony and
Wong 1989), in contrast, show a more rapid decline in taste
intensity after stimulation termination. This was also ob-
served in the present study as indicated by a larger MSG
intensity decay coefficient compared to NaCl. The molecu-
lar basis for the MSG after-taste is not known. The temporal
profile of a taste sensation is not only shaped by the rate at
which the tastant binds to and activates the receptor. The
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Dashed bars indicate pulsatile stimuli. Error bars express standard
error (n04 repetitions). Samples denoted with the same letter are not
significantly different at p<0.05
Chem. Percept. (2012) 5:179–187 185rate at which the tastant leaves the receptor is furthermore of
importance (Beidler 1954; Pfeiffer et al. 2000). MSG after-
taste may therefore be explained with a lower desorption
rate compared to, for example, the non-lingering sucrose.
Moreover, it has been suggested that certain (amphipatic)
tastants (e.g. sweet and bitter compounds) not only interact
with the outer membrane of the taste receptor but may
migrate into the taste cell where they interact with down-
stream components that are responsible for the delay of
signal termination of the taste sensation (Zubare-Samuelov
et al. 2005). A similar mechanism may apply for MSG and
explain the after-taste. We therefore propose that TFP is
determined by the tastant-specific interaction with the re-
ceptor (including adsorption and desorption) rather than the
taste transduction mechanism.
In line with TFPsuc (Burseg et al. 2010a), the TFP range
measured for both TFPMSG and TFPNaCl suggests consider-
able between-subject variations and, subsequently, between-
subject differences in gustatory temporal resolution. Sub-
jects also vary noticeably in taste sensitivity (Krueger et al.
2006; Lim et al. 2008; Mojet et al. 2005; Shigemura et al.
2006). Given the relationship between taste sensitivity and
temporal aspects in tastant presentations (e.g. as expressed
by increase in taste intensity with stimulus duration (Kelling
and Halpern 1988)), we assumed a relationship between
TFP and taste detection threshold. Interestingly, this was
not confirmed in the present study for both MSG and NaCl.
This suggests that factors determining gustatory temporal
resolution (i.e. TFP) do not necessarily account for differ-
ences in taste sensitivity. Alternatively, as subjects swal-
lowed at will and tongue movements were not constraint,
the individual differences in TFP may be explained by
between-subject variations in intra-oral processing of (pul-
satile) taste stimuli. Despite possible between-subject varia-
tions in oral processing, subjects seem to apply a consistent
evaluation technique across stimuli as shown by the calcu-
lated standard errors upon TFP determination (Figs. 1 and 2;
intra-subject variation). To further investigate this theory, a
taste deliverysystemthateliminatespossible individualdiffer-
ences in intra-oral shown stimulus processing as described
elsewhere (Meiselman and Halpern 1973) could be applied.
Regarding the observed TFP variation over subjects, it
should be noted that the used method for the assessment of
TFP- and taste-thresholds is sensitive for the relative ten-
dency of subjects to produce affirmative responses in the
used detection task. In signal-detection theory, this tendency
is referred to the ‘response criterion’ (Swets 1961). The
choice to only present pulsed stimuli at various frequencies
in the TFP assessment rules out the quantification of the
response criterion. However, the consistent staircase rever-
sals suggest that no panelists adopted extremely high re-
sponse criteria, since that would have produced erratic
stimulus identifications as a function of pulsation frequency.
In addition, a general tendency to adopt high response
criteria by some subjects would have produced a high cor-
respondence between taste detection thresholds and TFP,
which was not observed.
Conclusions
The present study on pulsatile stimulation of MSG and
NaCl replicated results previously reported for sucrose: (1)
pulsation-induced taste enhancement peaks around TFP and
(2)perceptionofpulsationisnorequirementforenhancement.
TFP and pulsation effects were independent of the taste trans-
duction mechanism (G-protein receptor versus ion-channel),
but TFP seems to be determined by the tastant-specific inter-
action with the receptor. The absence of a relationship be-
tween TFP and taste detection threshold suggests that the
temporal resolution of taste perception and taste sensitivity
arenotnecessarilyinfluencedbythesamefactors.Overall,the
results support the theory of involvement of early stages in
taste processing in pulsation-induced taste enhancement.
Pulsation-induced taste enhancement is determined by the
pulsation rate (i.e. TFP). Besides the pulsation rate dependen-
cy, there seems to be no further dependency of enhancement
on taste transduction mechanisms as such.
Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribution,
and reproduction in any medium, provided the original author(s) and
the source are credited.
References
Beidler LM (1954) A theory of taste stimulation. J Gen Physiol
38:133–139
Breslin PA, Huang L (2006) Human taste: peripheral anatomy, taste
transduction, and coding. Adv Otorhinolaryngol 63:152–190
Brown LG (1996) Additional rules for the transformed up-down method
in psychophysics. Percept Psychophys 58:959–962
Bujas Z (1935) Le temps de reaction aux excitations gustatives d’in-
tensité différente. C R Seances Soc Biol 119:1360–1362
Bult JH, de Wijk RA, Hummel T (2007) Investigations on multimodal
sensory integration: texture, taste, and ortho- and retronasal olfac-
tory stimuli in concert. Neurosci Lett 411:6–10
Burseg KMM, Brattinga C, de Kok PMT, Bult JHF (2010a)
Sweet taste enhancement through pulsatile stimulation depends
on pulsation period not on conscious pulse perception. Physiol Behav
100:327–331
Burseg KMM, Camacho S, Knoop J, Bult JHF (2010b) Sweet taste
intensity is enhanced by temporal fluctuation of aroma and taste,
and depends on phase shift. Physiol Behav 101:726–730
Burseg KMM, Camacho S, Bult JHF (2011a) Effects of pulsation
rate and viscosity on pulsation-induced taste enhancement:
new insights into texture–taste interactions. J Agric Food Chem
59:5548–5553
186 Chem. Percept. (2012) 5:179–187Burseg KMM, Ly Lieu H and Bult JHF (2011b) Sweetness intensity
enhancement by pulsatile stimulation: effects of magnitude and
quality of taste contrast. Chemical Senses
Busch JL, Tournier C, Knoop JE, Kooyman G, Smit G (2009) Tem-
poral contrast of salt delivery in mouth increases salt perception.
Chem Senses 34:341–348
Giovanni M, Guinard JX (2001) Time intensity profiles of flavor
potentiators (MSG, IMP, GMP). J Sens Stud 16:407–423
Green BG, Dalton P, Cowart B, Shaffer G, Rankin K, Higgins J (1996)
Evaluating the ‘labeled magnitude scale’ for measuring sensations
of taste and smell. Chem Senses 21:323–334
Halpern BP, Marowitz LA (1973) Taste responses to lick-duration
stimuli. Brain Res 57:473–478
Kelling ST, Halpern BP (1988) Taste judgements and gustatory stimulus
duration: taste quality, taste intensity, and reaction time. Chem
Senses 13:559–586
Kobayakawa T, Wakita M, Saito S, Gotow N, Sakai N, Ogawa H
(2005) Location of the primary gustatory area in humans and its
properties, studied by magnetoencephalography. Chem Senses 30
(Suppl 1):i226–i227
Krueger AC, EldridgeGD, Gehrke MM,LovejoyJC, Koutoubi S,Oberg
EB, Johnson JM, Schenk KE, McCrory MA (2006) Taste prefer-
ences and taste sensitivity: associations with food preferences, die-
tary intake and body composition. FASEB J 20:A175–A175
Li XD, Staszewski L, Xu H, Durick K, Zoller M, Adler E (2002)
Human receptors for sweet and umami taste. Proc Natl Acad Sci
U S A 99:4692–4696
Lim JY, Urban L, Green BG (2008) Measures of individual differences
in taste and creaminess perception. Chem Senses 33:493–501
Lopez Cascales JJ, Oliveira Costa SD, de Groot BL, Walters DE
(2010) Binding of glutamate to the umami receptor. Biophys
Chem 152:139–144
Lugaz O, Pillias AM, Faurion A (2002) A new specific ageusia: some
humans cannot taste L-glutamate. Chem Senses 27:105–115
Macknick SL (2006) Visual masking approaches to visual awareness.
Prog Brain Res 155:177–215
McBurney DH (1976) Temporal properties of human taste system.
Sens Process 1:150–162
Meiselman HL, Halpern BP (1973) Enhancement of taste intensity
through pulsatile stimulation. Physiol Behav 11:713–716
Mojet J, Christ-Hazelhof E, Heidema J (2005) Taste perception with
age: pleasantness and its relationships with threshold sensitivity
andsupra-thresholdintensityoffivetastequalities.FoodQualPrefer
16:413–423
O’Mahony M, Wong SY (1989) Time–intensity scaling with judges
trained to use calibrated scale: adaptation, salty and umami tastes.
J Sens Stud 3:217–236
Pfeiffer JF, Boulton RB, Noble AC (2000) Modeling the sweetness
response using time-intensity data. Food Qual Prefer 11:129–
138
Saito S, Endo H, Kobayakawa T, Ayabe-Kanamura S, Kikuchi Y,
Takeda T, Ogawa H (1998) Temporal process from receptors
to higher brain in taste detection studied by gustatory-evoked
magnetic fields and reaction times. Ann N Y Acad Sci
855:493–497
Shigemura N, Kojima H, Islam AA, Nakamura Y, Shirosaki S,Ninomiya
Y (2006) Analysis of individual differences in human sweet taste
sensitivity. Chem Senses 31:J7–J7
Stahler F, Riedel K, Demgensky S, Neumann K, Dunkel A, Taubert A,
RaabB,BehrensM,RaguseJD,HofmannT,Meyerhof W(2008)A
role of the epithelial sodium channel in human salt taste transduc-
tion? Chemosens Percept 1:78–90
Swets J (1961) Detection theory and psychophysics: a review. Psycho-
metrika 26:49–63
Wu S, Burns SA, Reeves A, Elsner AE (1996) Flicker brightness
enhancement and visual nonlinearity. Vis Res 36:1573–1583
Yamamoto T, Kawamura Y (1981) Gustatory reaction time in human
adults. Physiol Behav 26:715–719
Yamamoto T, Kato T, Matsuo R, Kawamura Y, Yoshida M (1985)
Gustatory reaction time to various sweeteners in human adults.
Physiol Behav 35:411–415
Zubare-Samuelov M, Shaul ME, Peri I, Aliluiko A, Tirosh O,
Naim M (2005) Inhibition of signal termination-related kinases
by membrane-permeant bitter and sweet tastants: potential role in
taste signal termination. Am J Physiol Cell Physiol 289:C483–
C492
Chem. Percept. (2012) 5:179–187 187